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The release of enveloped viruses from infected cells often requires
a virally encoded activity, termed a late-budding domain (L do-
main), encoded by essential PTAP, PPXY, or YPDL sequence motifs.
PTAP-type L domains recruit one of three endosomal sorting
complexes required for transport (ESCRT-I). However, subsequent
events in viral budding are poorly defined, and neither YPDL nor
PPXY-type L domains require ESCRT-I. Here, we show that ESCRT-I
and other class E vacuolar protein sorting (VPS) factors are linked
by a complex series of protein–protein interactions. In particular,
interactions between ESCRT-I and ESCRT-III are bridged by AIP-1�
ALIX, a mammalian orthologue of the yeast class E VPS factor, Bro1.
Expression of certain ESCRT-III components as fusion proteins
induces a late budding defect that afflicts all three L-domain types,
suggesting that ESCRT-III integrity is required in a general manner.
Notably, the prototype YPDL-type L domain encoded by equine
infectious anemia virus (EIAV) acts by recruiting AIP-1�ALIX and
expression of a truncated form of AIP-1�ALIX or small interfering
RNA-induced AIP-1�ALIX depletion specifically inhibits EIAV YPDL-
type L-domain function. Overall, these findings indicate that L
domains subvert a subset of class E VPS factors to mediate viral
budding, some of which are required for each of the L-domain
types, whereas others apparently act as adaptors to physically link
specific L-domain types to the class E VPS machinery.

Many enveloped viruses encode a late-budding domain (L
domain), whose function is essential for particle release

(1–8). The currently defined viral L domains contain at least one
of three sequence motifs: PT�SAP, PPXY, or YPDL. L domains
act by recruiting host factors during egress, and a variety of
findings indicate that PTAP-type L domains, encoded by HIV-1
and Ebola virus, recruit Tsg101 (9–12), a component of endo-
somal sorting complex required for transport-I (ESCRT-I) (13).

ESCRT-I normally functions in the sorting of cargo into
vesicles that bud into the lumen of multivesicular bodies (MVBs)
(14, 15). Tsg101 is the mammalian orthologue of a yeast protein,
Vps23p, which, along with �16 other proteins, is required for
MVB formation (16). Genetic ablation of any of these factors
results in the formation of a class E compartment, an aberrant,
multilamellar prevacuolar endosome that lacks luminal vesicles.
A subset of yeast class E vacuolar protein sorting (VPS) factors
assemble into complexes, including ESCRT-I (which includes
Vps23p), ESCRT-II, and ESCRT-III (13, 17, 18). A current
model for cargo sorting and vesicle formation invokes the
sequential recruitment of ESCRT-I, -II and -III, and budding
concurrent with disassembly of ESCRT components, catalyzed
by an AAA-ATPase, Vps4p (17, 18). Homologues of ESCRT
components exist in mammals, but with the exception of the
ESCRT-I components Tsg101 and VPS28 (14, 15), their role in
mammalian MVB formation is poorly defined. Indeed, Eap45,
Eap30, and Eap20, mammalian homologues of the yeast ES-
CRT-II factors Vps36p, Vps22p, and Vps25p, respectively, have
been studied only in the context of transcription regulation
(14, 15). Mammalian homologues of ESCRT-III components,
the charged MVB proteins (CHMPs) have not been studied

in detail, but CHMP1A and CHMP2A bind to mammalian
VPS4 (19).

The equivalent, and otherwise unique, topology of enveloped
viral budding and MVB vesicle budding suggests that the two
processes might share a common mechanism (20). Catalytically
inactive mutants of VPS4 induce the formation of class E
compartment-like structures in mammalian cells (11, 21–23).
Moreover, the activity of PTAP, YPDL, and PPXY L domains
encoded by HIV-1 p6, equine infectious anemia virus (EIAV)
p9, and murine leukemia virus (MLV) p12, respectively, is
inhibited by VPS4 mutants (11, 21, 24). Conversely, most
dominant negative forms of Tsg101 and small interfering RNA
(siRNA)-mediated Tsg101 depletion specifically inhibit PTAP-
type L-domain function (11, 12, 21, 25). Thus, current evidence
suggest that all viral L domains function by overlapping VPS4-
dependent mechanisms, but that PTAP-type L domains are
unique in requiring ESCRT-I for viral budding.

At least two important questions are raised by these findings.
First, how does ESCRT-I access the machinery (currently
thought to be ESCRT-III) that mediates vesicle�viral budding
and fission? Second, how do non-PTAP-type L domains obviate
the requirement for ESCRT-I? To address these issues, we
constructed a protein–protein interaction map of human class E
VPS factors, and screened these proteins for interaction with
non-PTAP-type L domains. We find that human class E VPS
factors participate in a complex network of interactions that
bridge ESCRT-I, -II, and -III, and other class E VPS factors.
Moreover, a mammalian orthologue of the yeast VPS factor,
Bro1 (AIP-1�ALIX) (26, 27), interacts with both the ESCRT-I
and ESCRT-III complexes, binds to, and is a necessary cofactor
for, a prototype YPDL-type L domain.

Materials and Methods
Mammalian Class E VPS Factor Expression Plasmids. Plasmids ex-
pressing Tsg101, VPS28, and VPS4 were described (10, 21).
Human cDNAs encoding orthologues of the following yeast class
E VPS genes: Hrs, HBP�STAM (AB012611), AIP-1�ALIX
(AF349951), Eap45 (AF151903), Eap30 (AF156102), Eap20
(BC006282), CHMP1A (AF281063), CHMP1B (AF281064),
CHMP2A (AF042384), CHMP2B (AF151842), CHMP3
(AF151907), CHMP4A (CAC14088), CHMP4B (AF161483),
CHMP4C (BC014321), CHMP5 (AF132968), and CHMP6
(BC010108) (GenBank accession nos. in parentheses) were
amplified by PCR from Jurkat, H9, or HeLa cell cDNA by using
primers directed to the 5�and 3� ends of the coding sequences.
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The primers incorporated EcoRI or XhoI sites that were used to
insert the cDNAs into pGBKT7 (Clontech) and pVP16 (10) for
yeast two-hybrid assays, and into pCR3.1�HA, pCR3.1�YFP,
and pCAGGS�GST for mammalian expression of epitope, yel-
low fluorescent protein (YFP)-, or GST-tagged proteins.

Yeast Two-Hybrid Assays. Yeast Y190 cells were transformed with
pGBKT7 and pVP16 derivatives and interactions measured by
�-galactosidase reporter activity, as described (10).

Coprecipitation Assays. Pairs of GST- and YFP- or HA-epitope-
tagged proteins were coexpressed in 293T cells. Forty-eight
hours later, cells were lysed in buffer (50 mM Tris�HCl, pH
7.4�150 mM NaCl�5 mM EDTA�5% glycerol�1% Triton X-100,
and a protease inhibitor mixture), and clarified lysates were
incubated with glutathione-Sepharose beads. The beads were
washed three times with buffer containing 0.1% Triton X-100.
Lysates and glutathione-bound proteins were analyzed by SDS�
PAGE and Western blot with �-HA or �-GFP monoclonal
antibodies.

Assays of L-Domain Function. A previously described complemen-
tation assay was used to measure L-domain function (10, 21).
293T cells were cotransfected with 300 ng of an HIV-1 proviral
plasmid (NL�p6) that lacks the p6 L domain, and 200 ng of a
plasmid expressing a truncated HIV-1 Gag protein (Gag�p6)
fused to either the p6 domain of HIV-1 Gag, the p9 domain of
EIAV, or a minimal Tsg101-binding motif (PEPTAPPEES).
Alternatively, EIAV particles were generated by using a GFP
vector and packaging system (28). In some experiments, 200 ng
of a YFP fusion protein expression plasmid or 20 pmol of siRNA
duplexes (Dharmacon, Lafayette, CO) were included in the
transfection mixture. Virion production in supernatants was
measured 48 h later by using an infection assay with P4�R5
(HeLa-CD4�CCR5 LTR-lacZ) indicator cells for HIV-1, or
CRFK cells for EIAV, as described (10, 28). Alternatively,
particle yield was determined by ultracentrifugation through
20% sucrose, and by Western blot analysis, as described (10).
Western blot signal intensities were quantitated by using NIH
IMAGE.

Results
Protein–Protein Interactions Among Mammalian Class E VPS Factors.
To better understand how ESCRT-I and other class E VPS
proteins mediate L-domain function, we constructed a protein–
protein interaction map incorporating each of the human or-
thologues of the yeast class E VPS factors. Interactions were
scored initially by using yeast two-hybrid assays, and 24 positive
interactions between heterologous proteins were identified (Fig.
1A, and Table 1 and Fig. 6, which are published as supporting
information on the PNAS web site, www.pnas.org). Some class
E VPS proteins also exhibited homomultimerizing activity. A
GST fusion protein coprecipitation approach was used as a
confirmatory assay to validate many of the interactions, and
examples of this analysis are shown in Fig. 1B. Each of the YFP
and GST fusion proteins was expressed in an intact form in
mammalian cells, but low-level expression of several GST-
CHMP proteins precluded confirmation of some of the inter-
actions. Nonetheless, 17 of the 24 positive interactions in yeast
were tested by using the coprecipitation assay, and of these
interactions, all were confirmed. In addition, some additional
interactions among the CHMP proteins that were not detected
in the yeast two-hybrid assay were detected by coprecipitation
(Fig. 1 B and C). It is possible that these interactions were
bridged by endogenous human CHMP proteins, or that their
failure to be detected in the yeast two-hybrid test was due to low
affinity or interference by the fused GAL4 or VP16 domains. In
general, however, there was good concordance between the yeast

two-hybrid and coprecipitation assays. The results of yeast
two-hybrid and coprecipitation assays are interpreted in the
form of a protein–protein interaction map in Fig. 1C, and its
features are described below.

ESCRT-I. It has been previously shown that Tsg101 binds to VPS28
(15, 21). We found that Tsg101 also bound to two other class E
VPS factors, AIP-1�ALIX and Hrs (Fig. 1 A), which are not
components of any ESCRT complex, but are homologous to the
yeast class E VPS factors, Bro1 and Vps27p, respectively (16, 26,
27, 29). That Tsg101 and Hrs bind to each other is consistent with
a recent report (30) implicating Tsg101–Hrs interaction in
receptor down-regulation. The interaction between Tsg101 and
AIP-1�ALIX was mediated by the N-terminal UBC-like and
proline-rich Tsg101 domains; residues 1–250 were both neces-
sary and sufficient to bind AIP-1�ALIX (Fig. 1B). No other VPS
protein that was tested bound to Tsg101, and VPS28 did not bind
to any other VPS protein, except for Tsg101.

ESCRT-II. Each of the putative ESCRT-II components Eap45,
Eap30, and Eap20 bound to each other, and to the ESCRT-III
protein, CHMP6, but not to any other class E VPS protein. In
particular, we found no evidence for direct interactions between
ESCRT-I and ESCRT-II.

ESCRT-III. The majority of CHMP proteins that comprise ESCRT-
III fell into two groups, which correlated with groupings based
on sequence homology (see Table 1). One group contained
members who bound to VPS4, including the previously described
VPS4-binding proteins, CHMP1A and CHMP2A, whereas a
second group contained proteins that bound promiscuously to
each other and homomultimerized, but did not bind to VPS4.
The VPS4-binding group included CHMP2A and CHMP3,
whereas the second group included CHMP4B and CHMP6,
whose orthologues (Vps2p, Vps24p, Vps32p�Snf7, and Vps20p,
respectively) comprise two distinct subcomplexes of ESCRT-III
in yeast, which are similarly distinguished by their ability to bind
Vps4p (18). Thus, the functional anatomy of ESCRT-III appears
to be conserved in yeast and humans. The two mammalian
ESCRT-III subgroups were linked by multiple interactions
between their respective members.

Each of the CHMP proteins that bound to CHMP6
(CHMP4A, -B, and -C) did not bind to ESCRT-I or -II, but
instead bound to AIP-1�ALIX. Thus, it appeared that AIP-1�
ALIX plays a pivotal role in linking ESCRT-I with ESCRT-III
and (indirectly) ESCRT-II.

The only other reported interaction involving mammalian
class E VPS factors is that of Hrs binding to HBP�STAM (31),
which for technical reasons, we did not test. Overall, whereas the
precise stoichiometry of the mammalian class E VPS complex
remains to be defined, it is clear that the components can be
linked by a complex series of interactions that are potentially
important for viral budding.

YFP-CHMP Fusion Protein Overexpression Blocks Retroviral L-Domain
Function. To address whether the class E VPS factors that link
ESCRT-I and VPS4 play a role in retroviral budding, in a general
or L-domain-specific manner, we used a described strategy (19)
whereby the factors were fused to a heterologous protein in an
attempt to convert them to dominant-negative forms when
overexpressed. To measure effects on virus release, we used a
complementation assay in which HIV-1 budding is rendered
dependent on the native PTAP-type, ESCRT-I-dependent p6
L-domain, or a heterologous, ESCRT-I-independent, YPDL-
type L domain from EIAV (p9) (10, 21). As an example,
YFP-Tsg101 overexpression inhibited p6-dependent release of
infectious HIV-1 particles, whereas p9-dependent virus produc-
tion was only marginally affected (Fig. 2A). When this strategy
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was applied to the other class E VPS factors, YFP-AIP-1�ALIX
expression, surprisingly, preferentially inhibited p9-dependent
virus production. In contrast, none of the ESCRT-II compo-
nents had any inhibitory activity, nor did the ESCRT-II-binding
component of ESCRT-III, CHMP6. However, several other
ESCRT-III components, including each of those that bound
AIP-1�ALIX, inhibited infectious HIV-1 release (Fig. 2 A).
With the exception of CHMP2A, the VPS4-binding YFP-CHMP
proteins were either inactive or only weakly inhibitory, suggest-
ing that inhibition by YFP-CHMP proteins was not simply due
to sequestration of VPS4. Notably, both p6 and p9 L-domain
activity was equivalently blocked by each of the inhibitory
YFP-CHMP fusion proteins. In addition, infectious MLV re-
lease showed a virtually identical pattern of susceptibility to
inhibition by the various YFP-CHMP fusion proteins (data not
shown). Inhibition of virus release by the YFP fusion proteins did
not correlate with abundance, and the noninhibitory fusion
proteins were expressed at a level that was equal to or higher
than to the inhibitory YFP-CHMP proteins (Fig. 1B).

To verify that YFP-CHMP proteins induced an L-domain
defect, and not, for example, nonspecific cellular toxicity, we
coexpressed the inhibitory YFP-CHMP fusion proteins with a
replication-competent HIV-1 construct, and examined cell-
associated Gag expression and extracellular particle formation.
Defective HIV-1 L-domain function is accompanied by an
aberrant and characteristic cell-associated Gag processing phe-
notype, in which the cleavage intermediates p49 and p25 are
increased in abundance (4, 10, 11, 32). As can be seen in Fig. 2B,
the YFP-CHMP proteins did not inhibit Gag expression, but did
induce precisely these Gag processing and release defects to
varying degrees. Electron microscopic examination of HIV-1
producing cells coexpressing YFP-CHMP fusion proteins (Fig.
2C) revealed a phenotype that was consistent with an L-domain
defect. In place of the mature extracellular virions, numerous
incompletely budded virions were observed (at least 5-fold more
frequently) when inhibitory YFP-CHMP fusion proteins were
coexpressed. Moreover, occasional chains of virions that were
tethered to each other and to cells by membranous stalks were
evident. An analysis of MLV producing cells coexpressing
CHMP2A revealed a similar defect. Moreover, tubes, rather
than spherical virions, were occasionally observed, which was
similar to those generated by a PPXY-deleted MLV mutant (8).
Overall, the data in Fig. 2 suggest that the integrity of complexes
that act downstream of ESCRT-I, ESCRT-III in particular, is
required in a general manner for retroviral L-domain function.

The YPDL-Type EIAV p9 L Domain Binds AIP-1�ALIX. Based on the
findings that ESCRT-III and VPS4 are apparently required by
non-PTAP-type L domains (refs. 11 and 21 and Fig. 2), and that
ESCRT-I is dispensable (11, 21), we reasoned that they might
simply bypass ESCRT-I and recruit class E VPS factors that act
downstream. We screened the class E VPS factors shown in Fig.
1 for interactions with PPXY and YPDL L domains by using the

Fig. 1. Interactions between mammalian class E VPS proteins. (A) Matrix
showing interactions between VPS proteins in the yeast two-hybrid assay.
Shading indicates the level of �-galactosidase activity in optical density (OD)
units as indicated by the key. The GAL4-fusions of VPS28, CHMP5, and Hrs were
strong transcriptional activators in the absence of a coexpressed VP16-fusion

protein and were excluded. A more detailed version of these data are given in
Table 1. (B) Examples of coprecipitation assays to evaluate class E VPS protein
interactions. GST fusion proteins were coexpressed with one of a series of YFP
fusion proteins, as indicated. Samples of clarified cell lysate and glutathione-
Sepharose bead-bound proteins were analyzed by Western blot with an �-GFP
antibody. In each case, the full-length ORF was fused to YFP, except in the
Lower Right, where a series of truncated Tsg101 proteins were also used. (C)
Interpretation of the yeast two-hybrid assay and coprecipitation results in the
form of a protein–protein interaction map incorporating components of
ESCRT-I, ESCRT-II (gray shading), ESCRT-III (black shading), and additional
human homologues of yeast class E genes. Positive interactions scored by yeast
two-hybrid assay are indicated by solid lines. Interactions observed in the GST
fusion coprecipitation assay, but not in the yeast two-hybrid assay, are indi-
cated by dotted lines.
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yeast two-hybrid assay. Whereas none of the proteins tested
bound to the PPXY L domains encoded by Rous sarcoma virus
(p2) or MLV (p12) (data not shown), we detected a strong and
specific interaction between EIAV p9 and AIP-1�ALIX (Fig.
3A). This interaction was reproduced in coprecipitation assays by
using GST-p9 as bait, but not by using GST (Fig. 3B) or GST-p12
(data not shown). The YPDL motif in EIAV p9 is critical for
L-domain activity (5), and substitution of these residues com-
pletely abolished the ability of p9 to bind AIP-1�ALIX in both
assays (Fig. 3 A and B), suggesting that the interaction could be
functionally important.

Specific Inhibition of YPDL-Type L-Domain Function by Dominant-
Negative AIP-1�ALIX and siRNAs. To address whether AIP-1�ALIX
was required for EIAV L-domain function, we attempted to
derive more potent and specific dominant-negative forms of the
protein. First, we mapped the domains of AIP-1�ALIX that
mediate interaction with Tsg101 and with ESCRT-III by using
yeast two-hybrid assays. As shown in Fig. 4A, this analysis
revealed that N-terminal and central domains were necessary
and sufficient for interaction with CHMP4A, -B, and -C, whereas
a C-terminal domain was sufficient for interaction with Tsg101,
and for AIP-1�ALIX multimerization. Central and C-terminal
domains were necessary and sufficient for binding to EIAV p9.
Thus, in principle, AIP-1�ALIX could simultaneously bind to
ESCRT-I, and to ESCRT-III, and act as a bridging factor to
connect either or both the HIV-1 and EIAV L domains to
downstream factors required for virus budding. Of the truncated
forms of AIP-1�ALIX, a protein lacking the N-terminal domain
(�1–176), which did not interact with ESCRT-III (Fig. 4A), was
a potent and selective inhibitor of p9-mediated HIV-1 budding.
As shown in Fig. 4 B and C, expression of this protein inhibited
EIAV p9-dependent HIV-1 budding by 5- or 10-fold, as mea-
sured by Western blot or infectivity assays, respectively. In
contrast, a minimal Tsg101-binding L domain from HIV-1
(PEPTAPPEES), was completely insensitive to �1–176AIP-1�
ALIX. Interestingly, the full-length HIV-1 p6 L-domain function
was marginally inhibited by �1–176AIP-1�ALIX. We and others
have recently shown that the HIV-1 p6 protein contains a
bipartite L domain (20, 38), and since PTAP function was
resistant to �1–176AIP-1�ALIX, we speculate that it inhibits the
second PTAP-independent function encoded within p6. As was
the case for p9-dependent HIV-1 budding, the egress of authen-
tic EIAV virions was inhibited �10-fold by �1–176AIP-1�ALIX,

Fig. 2. Generalized L-domain dysfunction induced by ESCRT-III perturbation.
(A) Infectious HIV-1 release mediated by HIV-1 p6 or EIAV p9 L domains in the
complementation assay in the presence of YFP class E VPS fusion protein
expression. Infectious virion production, measured by �-galactosidase assay
after infection of P4�R5 cells, is plotted as a percentage of that obtained in the
presence of unfused YFP (371,390 relative light units for HIV-p6 and 79,938
relative light units for HIV-p9). (B) Gag processing and virion release defects
induced by inhibitory YFP-CHMP fusion protein expression. (C) Electron mi-
croscopic images of late viral budding defects induced by YFP-CHMP fusion
proteins. The top six pairs of images show HIV-1 budding in the absence or
presence of the inhibitory YFP-CHMP fusion proteins, whereas the bottom
pair of images shows MLV budding in the presence of YFP-CHMP2A.

Fig. 3. YPDL-dependent EIAV p9 binding to AIP-1�ALIX. (A) Yeast two-
hybrid analysis. �-galactosidase reporter levels in yeast expressing GAL4 or
GAL4-AIP-1�ALIX and VP16 or VP16-EIAV p9 were plotted. The p9 (M) mutant
contained a four-residue substitution (YPDL to AAAA). (B) GST fusion proteins
were expressed in 293T cells along with HA-tagged AIP-1�ALIX. Samples of
clarified cell lysate and glutathione-bound proteins were analyzed by Western
blot. Equivalent loading of the GST fusion proteins was verified by Coomassie
blue staining of the glutathione-bound fraction.
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as measured by Western blot or infectivity assays (Fig. 4 B
and C).

We also used the complementation assay to test whether
EIAV p9- or PTAP-dependent HIV-1 budding could be inhib-
ited by siRNA-mediated depletion of AIP-1�ALIX. As shown in
Fig. 5A, AIP-1�ALIX-targeted siRNAs effectively suppressed
YFP-AIP-1�ALIX, but not YFP expression. PTAP-dependent
infectious HIV-1 production was only marginally affected (�2-
fold) by AIP-1�ALIX depletion, whereas p9-dependent virion
egress was inhibited by 17-fold (Fig. 5B). Conversely, PTAP-
mediated budding was profoundly inhibited (20-fold) by Tsg101
depletion by using described siRNA duplexes (11), whereas
p9-mediated budding was unaffected. Thus, these data suggest

that even though Tsg101 and AIP-1�ALIX interact, they func-
tion largely independent of each other to mediate the function
of their cognate viral L domains. As was the case with �1–
176AIP-1�ALIX, HIV-1 p6 activity was marginally more sen-
sitive to AIP-1�ALIX siRNA than was PTAP. Moreover, p6 was
somewhat less sensitive than was PTAP to Tsg101 siRNAs (Fig.
5B). These findings are consistent with the notion of a bipartite
late domain in HIV-1 p6.

The interpretation of these results was slightly complicated by
the fact that AIP-1�ALIX depletion by using siRNA likely had
deleterious effects on cell viability, because a Western blot
analysis showed slightly reduced Gag expression at later time
points (Fig. 5C). Nonetheless, whereas p9-dependent HIV-1
budding was dramatically inhibited under conditions of AIP-1�
ALIX depletion, p6- or PTAP-dependent budding was clearly
less affected (Fig. 5C).

Discussion
This study demonstrates that a complex series of protein–protein
interactions involving human class E VPS factors occurs, and
identifies AIP-1�ALIX as a cofactor for the YPDL-type L-
domain encoded by EIAV. Thus, there is a remarkable func-
tional convergence between two nonhomologous sequence mo-
tifs, YPDL and PTAP, that use two distinct entry points into the
interaction network to exploit VPS factors for viral budding.

Previously, the AP50 subunit of the AP2 complex was pro-
posed to bind the EIAV L domain (33). However, a definite role
for AP2 in EIAV budding is yet to be established. It might be due
to the fact that interactions between EIAV p9, AP2, and
AIP-1�ALIX are important. Indeed, the ability of the EIAV

Fig. 4. A truncated form of AIP-1�ALIX that lacks ESCRT-III-binding activity
is a specific inhibitor of a YPDL-type L domain. (A) AIP-1�ALIX domain orga-
nization. The indicated truncated versions of AIP-1�ALIX were tested for
interaction with Tsg101, AIP-1�ALIX, CHMP4A, -B, -C, and EIAV p9 in the yeast
two-hybrid assay. The � ascribed to p9 interaction with AIP-1�ALIX residues
1–503 indicates a weak positive (�-galactosidase reporter levels �10% of
those obtained by using the full-length or 503–869 residue fragment). (B)
Western blot analysis of cell lysates and pelleted virions after transfection of
293T cells with a p6-deleted HIV-1 proviral plasmid, along with complement-
ing Gag�p6-p6, Gag�p6-p9, and Gag�p6-PTAP expression vectors (Left). Al-
ternatively, EIAV vector plasmids were transfected (Right). YFP or YFP-�1–176
AIP-1�ALIX was coexpressed, as indicated. (C) Results are the same as for B,
except that HIV-1 in culture supernatants was quantified by infection of P4�R5
indicator cells and �-galactosidase activity measurement, given in relative
light units (RLU), or infectious EIAV virions were measured by titration on CRFK
cells given in infectious units (iu)�ml of supernatant.

Fig. 5. Effects of siRNA-mediated AIP-1�ALIX depletion on YPDL and PTAP-
type L-domain function. (A) Validation of AIP-1�ALIX siRNAs. The 293T cells
transfected with YFP or YFP-AIP-1�ALIX expression plasmids in the presence of
siRNAs directed against luciferase (control) or AIP-1�ALIX, as indicated. Bright-
field and fluorescent images of the same field, acquired 24 h after transfec-
tion, are shown. (B) Inhibition of virus release by Tsg101- and AIP-1�ALIX-
specific siRNAs. Gag�p6-p6-, Gag�pb-p9-, and Gag�pd-PTAP-complemented
HIV-1 was generated as in Fig. 4, but, in this case, luciferase (control)-, Tsg101-,
or AIP-1�ALIX-specific siRNAs were cotransfected. Virion production was mea-
sured by using P4�R5 cells as in Fig. 4. (C) Western analysis of virion HIV-1
formation mediated by p6, p9, or PTAP in the presence of siRNAs. Lanes L,
luciferase control siRNAs; lanes A, AIP-1�ALIX siRNAs.
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YPDL motif to bind both AP2 and AIP-1�ALIX suggests that
AP2-binding YXXL�I sorting motifs in cellular proteins might
share the ability to bind AIP-1�ALIX. As such, these motifs
might have a dual function in recruiting distinct cellular
functions.

EIAV p9 L-domain activity is resistant to dominant-negative
forms of Tsg101 (21) and siRNA-mediated Tsg101 depletion
(Fig. 5). However, both p6 and p9, as well as MLV PPXY L
domains, are similarly blocked by dominant-negative VPS4 (11,
21) and CHMP fusion protein overexpression (Fig. 2). Intu-
itively, the protein interaction map in Fig. 1 suggests that the
EIAV YPDL-type L domain bypasses the requirement for
Tsg101 simply by recruiting class E VPS factors at one step
downstream in a linear pathway that proceeds from ESCRT-I to
ESCRT-III and VPS4 through AIP-1�ALIX. A prediction of
this hypothesis is that ESCRT-I-dependent L-domain function
should also require AIP-1�ALIX. However, PTAP L-domain
activity was dramatically less sensitive than was YPDL L-domain
activity to dominant-negative AIP-1�ALIX, and to siRNA-
mediated AIP-1�ALIX depletion (Figs. 4 and 5). Moreover, a
Tsg101 fragment lacking C-terminal sequences required to bind
VPS28 is sufficient to bind AIP-1�ALIX (Fig. 1), but is not able
to mediate HIV-1 budding (10, 21). These data suggest that
alternative mechanisms of ESCRT-III�VPS4 recruitment by
ESCRT-I exist. This confirmation would require additional
bridging factors or interactions that were not detected in this
analysis. A further distinction between HIV-1 and EIAV L
domains is that only the former requires an active proteasome
degradation pathway to mediate budding (34–37). How this fact
relates to the exploitation of class E VPS factors is unclear at
present.

Based on findings in yeast that ESCRT-II overexpression
partly suppresses sorting defects that result from ESCRT-I

ablation, and that ESCRT-II, but not ESCRT-I, binds to ES-
CRT-III (17, 18), current models suggest that ESCRT-I, ES-
CRT-II, and ESCRT-III act sequentially to mediate MVB cargo
sorting and vesicle invagination. Whereas the interaction map of
human class E VPS proteins shown in Fig. 1 is consistent with
previously documented class E VPS factor interactions in yeast,
it is more complex, and other aspects of the mammalian inter-
action network suggest alternative ESCRT-II-independent path-
ways. Alternatively, ESCRT-I and ESCRT-II could act sequen-
tially in the pathway, but without direct physical contact.
However, it is conceivable that the map shown in Fig. 1 under-
estimates the total complexity of interactions involving class E
VPS factors.

Whereas each of the class E VPS genes in yeast are required
for budding of vesicles into MVBs (16), some of the mammalian
factors (e.g., ESCRT-I and AIP-1�ALIX) appear to be required
for viral budding, only in the context of specific viral L-domain
types. Thus, only a subset of class E VPS factors, particularly
ESCRT-III, seems to be generally required for viral budding.
Nonetheless, it is increasingly evident that the budding of MVB
vesicles and many enveloped viruses, is functionally analogous
(20). As such, further studies of how viral L domains parasitize
the class E VPS machinery is likely to illuminate the mechanism
by which this cellular process occurs.
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